Radioactivity from radon is a major background for observing solar neutrinos at SuperKamiokande. In this paper, we describe the measurement of radon concentrations at SuperKamiokande, the method of radon reduction, and the radon monitoring system. The measurement shows that the current low-energy event rate between 5.0 MeV and 6.5 MeV implies a radon concentration in the Super-Kamiokande water of less than 1.4 mBq/m 3 .
Introduction
An important feature of the Super-Kamiokande (SK) detector is its ability to measure the energy spectrum of the recoil electrons from 8 B solar neutrinos [1, 2] . In order to study the complete energy spectrum, it is desirable to lower the analysis energy threshold as far as possible. The current trigger threshold at 50% efficiency is 4.6 MeV in the total energy of electrons, and the current analysis threshold is 5.5 MeV. These thresholds are essentially limited by the high rate of the background events due to the beta decays of radon daughters remaining in the water of SK and gamma-rays from the PMT glass and plastic sheets.
Radon concentration in the Kamiokande-III detector was about 0.5 Bq/m 3 , and its energy threshold was 7.0 MeV [3] [4] [5] . For the SK detector, a more efficient radon-reduction system was designed, and a high sensitivity radon sensor was developed to monitor the radon concentration in the water of SK [6, 7] . We have also studied the response of the SK detector to the radon events by using a purified water with a known amount of radon. In this paper, we report the study of radon radioactivity at Super-Kamiokande.
Water and air purification system
The total 50,000 tons of purified water in the SK is circulated through a water purification system. Figure 1 shows a schematic view of the water purification system. The water flow rate is about 55 ton/hour in a closed cycle system. Nominal 1 µm mesh filters and hollow fiber membrane filters are used to remove dust and relatively large particles in the water. These particles are though to be an important source of radon, because they may contain radium, a parent atom of radon. After the purification, a typical number of particles in the water is about 6 particles/mℓ with a diameter larger than 0.2 µm.
An ion-exchanger and a cartridge polisher eliminate radium ions in the same way as other heavy ions in the water. After the cartridge polisher module, the resistivity of the water reaches almost the chemical limit of water, 18.24 MΩ·cm.
In order to remove radon gas dissolved in the water, a vacuum degasifier device is used. The removal efficiency of radon gas in the water was measured to be about 96% at the Kamiokande site.
Air is also purified by an air purification system. The purified air contains less radon, and is called "Rn-reduced air". The Rn-reduced air is supplied to the space between the water surface and the roof of the SK tank. A total of 8 m 3 of activated carbon are used for removing radon in the air. Typical flow rate and dew point are 15 m 3 /hour and -50 o C, respectively.
The details about the water and air purification system will be reported in Ref.
[8].
Radon monitoring system
In order to monitor radon in the purified air and water, high sensitivity radon sensors were developed. Radon is detected by electrostatic collection of the daughter nuclei of 222 Rn and the energy measurement of the alpha decay with a PIN photodiode. The details about the high sensitivity radon sensors are reported in Ref. [7] .
For monitoring radon in the air, five sensors are used. They are connected to a workstation via a network, and radon concentrations are monitored in real-time. Figure 2 shows time variation of radon concentrations in the air in 1998.
The "air in purification room" shown in Fig. 2 shows air in a room supplied with fresh air from outside the mine. Although fresh air from outside is supplied to this room, there are simple doors between this room and the mine tunnel, so that some radon-rich mine tunnel air can leak in. Typical radon concentrations in the purification room air in summer and in winter are 500 Bq/m 3 and 40 Bq/m 3 , respectively. A typical radon concentration in the mine tunnel air in summer is about 1200 Bq/m 3 . The outside air blows directly into the mine tunnel near the water system in the winter season, but the wind direction is reversed in the summer season. Therefore, a variation of radon concentration in the purification room air occurs seasonally.
The dome above the SK tank, called "SK dome", is coated with radon-tight plastic sheets to prevent radon in the rock from entering into the air. Fresh air from outside the mine is pumped into the SK dome at the rate of 5 ∼ 12 m 3 /hour, and there are air-tight doors between the SK dome and the mine tunnel. Therefore, the radon concentrations in the SK dome are similar to those of the outside air. A typical radon concentration in the dome air is 40 Bq/m 3 .
A typical radon concentration after the air purification system (Rn-reduced air) was about 20 mBq/m 3 before March, 1998 ("air before new radon trap" in fig. 2 ). In March 1998, an external radon trap was introduced into the air purification system. It consists of 50 ℓ of activated charcoal and a cooler. The activated charcoal is cooled to -40 o C. The radon concentration in the Rn-reduced air became 2 ∼ 3 mBq/m 3 after March 1998 ("air following new radon trap" in fig. 2 ).
The radon concentration in the air occupied above the water surface in the SK tank, called "SKtank air", was about 20 mBq/m 3 until March 1998, and about 11 mBq/m 3 after March 1998.
In the space between the water surface and the roof of the SK tank, there are some materials emanating radon; cables, dust, plastic sheets, and so on. Therefore, the radon concentration increases for air going through this gap. The bump of the radon concentration in SK-tank air in June was caused by a malfunction of the air purification system. The gap in the data around November was due to a malfunction of real-time radon monitoring system.
For monitoring radon concentrations in the purified water, a total of six high sensitivity radon sensors are used. They are installed at three different locations, two sensors for each location, to measure the radon concentrations of return water from the SK tank, input water to the SK tank, and water in the SK tank. These locations are shown in Fig. 1 .
The return water is sampled for the measurement just before the water purification system. The SK tank water is sampled 4 m below the top of the SK tank. The input water is sampled just before the SK tank (just after the purification system). Figure 3 shows the radon concentration in the return water and SK low-energy event rate at the beginning of the experiment. The radon concentration at the beginning of the experiment in April 1996 was essentially the same as Kamiokande-III, 500 mBq/m 3 . At that time, the lowenergy event rate was consistent with being caused by the high radon level alone. Following the sealing of the SK detector and the beginning of purification circulation in March 1996, the concentration dropped to less than 20 mBq/m 3 . There was another decrease in radon in July 1996, then the concentration became its current nominal value.
The current radon sensors are sensitive to above 10 mBq/m 3 of radon in the water as shown in Fig. 3 . However, an effort has been made to attempt precise measurement of the background levels of those sensors. The current background may include a few mBq/m 3 contamination from the radon sensor environment. Therefore, we obtained only upper limits (1σ) for radon concentrations in water as listed in Table 1 . The current radon concentration in the SK tank water is less than 5.7 mBq/m 3 . It is roughly 100 times lower than that in the water of Kamiokande-III.
Test runs with radon-rich water
In order to estimate the radon concentration in the SK water independent of the radon sensor measurements, we used the Super-Kamiokande to take data with a known amount of radon in December 1997.
A total 1189 mℓ of radon-rich water, equivalent to 13 Bq of radon, was deposited in the central region of the SK detector via a 4 mmφ× 22.0 m length rigid nylon tube on December 18, 1997. The radon-rich water was made by the bubbling technique developed by our group [7] . The systematic error for this radon concentration is estimated to be 11% according to the systematic error for the accuracy of the liquid scintillation counter and the ionization chamber reported in Ref. [7] . The water circulation was stopped from December 7, 1997 to January 17, 1998 in order to prevent the water flow from stirring the supplied radon. We categorized the runs taken as listed in Table 2 .
To analyze the data of these test runs, both Super-Low-Energy (SLE) events and normal LowEnergy (LE) events are used. LE events have been used for the solar neutrino analysis above 6.5 MeV, which is described in Ref. [1] . The SLE events have energies between 5.5 MeV and 6.5 MeV. SLE events have been taken since May 1997 using a software trigger. When the hardware trigger threshold at 50% efficiency was lowered from 5.7 MeV (for LE) to 4.6 MeV (for SLE), the raw event rate increased from 10 Hz to 120 Hz. Most of the extra events occur near the detector wall. Therefore, a fast vertex reconstruction and a preliminary fiducial volume cut are applied to all the events in real-time on a workstation. After this fiducial volume cut, the event rate becomes about 20 Hz. Then all the events are stored to a magnetic tape library. For this analysis, the same event selections as the SK solar neutrino analysis [1] are applied to the SLE and LE events. Some additional noise cuts are also applied using the quality of the reconstructed vertex. In the Z ≥ 0 cm region, the observed event rate corresponds to 1.4 mBq/m 3 of radon, but all the events are not necessarily due to radon. Therefore, an upper limit of radon concentration was obtained for this region, and is consistent with the limit measured by the radon monitoring system.
In the bottom region of the SK detector, a higher event rate was observed below 6.5 MeV. We believe this excess to be caused by radon emanation from the detector wall, i.e. 20-inch PMT glass, black plastic sheets, and/or stainless steel frames. The water inlets to the SK tank are arranged at the bottom, and the upward water-flow stirs radon from the materials at the detector wall into the bottom region of the SK detector. Temperature and particle count data indicate the existence of flow cells with a sharp boundary at Z=-6 m. This causes the event excess around the bottom region of the SK detector. From those test runs, the radon concentration in the bottom region is estimated as 3 ∼ 5 mBq/m 3 The radon emanation rate from 20-inch PMTs has been measured [9] , and is consistent with the order of magnitude of the observed radon concentration.
Conclusions
The radon concentrations at Super-Kamiokande have been measured by using high sensitivity radon sensors. The measured radon concentrations in the mine air and in the purified air are 40 ∼ 1200 Bq/m 3 and 2 ∼ 3 mBq/m 3 , respectively. In the purified water, the radon concentration measured by the high sensitivity radon sensors is less than 5.7 mBq/m 3 in the SK tank.
Radon-rich water was supplied to the central region of the SK detector in order to use SK low-energy events to estimate the radon concentration in the SK water. The current low-energy event rate in the top half of the SK detector implies a radon concentration less than 1.4 mBq/m 3 . It is consistent with the value measured by the high sensitivity radon sensors for water. The radon concentration in the bottom region is estimated as 3 ∼ 5 mBq/m 3 . We believe these radon is emanated from the detector materials, and then is stirred up by the upward water flow.
Relative to Kamiokande-III, we have achieved 100 times lower radon concentration in the SK tank water. It allows us to lower the energy threshold for the solar neutrino analysis from 7.0 MeV (at Kamiokande-III) to 5.5 MeV (at current SK). A schematic view of the water purification system and locations of radon sensors. Time variation of radon concentration in air in various locations. A new radon trap device was introduced in March 1998. The increase in radon in the purification room air for the summer months reflects a temperature-driven reversal of air flow in the mine. The bump in radon in SK-tank air in June, 1998 was due to a malfuction of the air purification system. Table 2 Test runs for the radon measurement. Normal-run is usual data taking when the water purification system is runing. BG-run is data taking with the water system stopped. Rn-run is data taking after supplying the radon-rich water. 
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